types, cancer-associated fibroblasts (CAF) play a crucial role in angiogenesis and are attractive therapeutic targets. 7 However, specifically inhibiting CAF is a challenging task. Fibroblasts and their derivatives show great heterogeneity, depending on their tissue of origin 8 and their association with various environmental contexts. 7 Overall, patient outcomes are difficult to predict even when the genomic alterations are fully grasped through sequencing. 9 Genome biologists are becoming aware of the importance of "perturbation-based functional monitoring" 9, 10 for precision medicine to achieve its goal. In systems biology, "perturbation"
is defined as an alteration of the function of biological systems by external or internal means such as environmental stimuli.
11
Clinical regimens change tumor microenvironments and monitoring the responses of CAF is equally important in the monitoring of cancer cells. In this study, we collected and cultured patientderived CAF and carried out perturbation-based monitoring of 18 marker genes. Medical Center agreed to donate the surgically resected tumor specimens for research purposes. Written informed consents have been obtained from all patients. Tumor specimens from 27 patients were used in this study (Table 1) .
| ME THODS

| Patients and biospecimens
| Cell culture
Tumor specimens were washed vigorously with saline and trans- 
| Perturbation
Perturbation (functional alteration by external stimuli) was meas- 
| Gene expression analysis
Total RNA was extracted from fibroblasts (CAF and TIG-3) with or without experimental stimulus (RNAiso plus; Takara Bio, Shiga, Japan). PrimeScript RT reagent kit with gDNA eraser (DNase) was used for reverse transcription (Takara Bio). PCR conditions and reagents are described elsewhere. 14 For data acquisition, we used a Three levels were defined as: cancer-associated fibroblasts from colorectal, gastric or liver cancers (hepatocellular or cholangiocarcinoma) so that the degree of freedom is two. *The null hypothesis was rejected (P < 0.01, there exists main effect by a difference in tissue of origin).
(Hs00900055_m1), VIM (Hs00958111_m1), FN1 (Hs01549976_m1),
| Western blotting and fluorescent immunostaining
Cancer-associated fibroblasts under various perturbations were harvested and whole-cell proteins were dissolved with solubilizer (7 mol/L urea, 2 mol/L thiourea, 4% CHAPS; Thermo Fisher Scientific). The entangled genomic DNA was sheared by sonication for 30 minutes at 4°C. Procedures for western blotting have been described elsewhere. Table 2 ). Nine representative genes are shown here. Scatterplots indicate log 2 expression of designated genes. Error bars denote mean ± SD CA, USA) for 1 minute at 105°C using an autoclave machine (TOMY Digital Biology, Tokyo, Japan). Subsequently, the sections were Keyence Corp., Osaka, Japan).
| Statistical procedure
All statistical tests were carried out using SPSS software (IBM, Armonk, NY, USA Figure 1 ). Standard deviation of log 2 expression was especially large for POSTN (2.865: ± sevenfold difference in linear scale), TNF (2.582: ± sixfold) and MMP9 (2.561: ± sixfold).
Thus, variation of some marker genes was explained, in part, by the difference in tissue of origin.
| Perturbations in gene expression of CAF
Next, we estimated the perturbations by measuring marker gene expression. Friedman test detected main effects of experimental stimulus in 13 out of 18 marker genes ( Table 3) . As a post-hoc analysis, two-sided Wilcoxon signed rank test was carried out and 11 of 13 genes were significantly changed by the stimulus (Table 4) 
| Paracrine signal from CTOS did not induce VEGFA in fetal lung fibroblasts
Among 11 genes described in Figure 2 , we particularly focused on VEGFA. We observed that hypoxia, fluorouracil exposure and coculture with CTOS remarkably upregulated VEGFA in CAF ( Figure 3A) .
As the putative function of the coculture is a paracrine signal through membrane pores (see Methods), we investigated whether such a paracrine signal could induce VEGFA in normal fibroblasts. When TIG-3 was cocultured with CTOS from various cancers (Table 1) , the change of VEGFA expression was not reproducible ( Figure 3B ). Basal expression of VEGFA tended to be higher in CAF, compared to TIG-3 Comparison between hypoxia and control was not included due to insufficient samples (n = 5). Four levels were defined (the degree of freedom is three) as control, cisplatin, fluorouracil or coculture with cancer spheroids. *The null hypothesis was rejected (P < 0.01, there exists main effect by perturbation).
(P = 0.046 by Mann-Whitney U test). Higher expression of VEGFA in CAF was further augmented by coculture with CTOS ( Figure 3B ).
Data indicated that CAF were competent to induce VEGFA in response to paracrine signal from CTOS, but fetal lung fibroblasts were not. In other words, the paracrine signal per se was not sufficient to induce VEGFA. Comparison between hypoxia and control was not carried out due to insufficient samples (n = 5). nr, based on negative ranks; pr, based on positive ranks. Perturbation increases the expression when the test was based on positive ranks. * The null hypothesis was rejected (P < 0.01, significant difference between perturbation and control). Basal expression of VEGFA tended to be higher in CAF (compare the filled circles between TIG-3 and CAF: P = 0.046 by Mann-Whitney U test) but the higher VEGFA in CAF was further augmented by coculture with CTOS. Asterisk denotes significant difference between control and the experimental stimulus (P < 0.01, two-sided Wilcoxon signed rank test)
TA B L E 4 Post-hoc analysis by Wilcoxon signed rank test
| Vascular endothelial growth factor A protein was synthesized in CAF both in vitro and in vivo
α-SMA-negative cells also synthesized VEGF-A protein ( Figure 5, ID11 ), indicating that CAF is not an exclusive cell type that induces angiogenesis in complex tumor microenvironments. When we compared the degree of colocalization among distinct tumor locations, some tendency existed in hepatocellular carcinomas, but not in liver metastasis (Table 5 ).
| D ISCUSS I ON
Although stromal activation is considered critical for prognosis of patients, previous studies have analyzed snapshot data using microarray or immunohistochemistry of paraffin sections. [3] [4] [5] However, CAF in situ are known to be dynamic in terms of gene expression and function. 16, 17 Stromal cells sense various environmental stressors and reorganize cellular and ECM compositions for tissue homeostasis. 18 In the present study, we measured 18 marker genes that encode components for fibroblast activation, paracrine communications, and ECM remodeling for monitoring dynamic functions.
16
The significance of analyzing CAF from various types of cancer (Table 1) is twofold. One is to confirm the heterogeneity of fibroblasts among a distinct tissue of origin. 10 Indeed, several marker genes showed large variation in their expression level, which was explained, in part, by tissue of origin (Table 2 and Figure 1 ).
The other significance of analyzing the various CAF is to extrapolate the knowledge to distant stromal cells. When patients receive adjuvant chemotherapy (eg, cisplatin or fluorouracil), the systemic stressor also influences stromal cells in distant organs. We defined reorganize the tissue microenvironments as premetastatic niches. 19, 20 In this respect, it is interesting that the coculture of CTOS remarkably induced VEGFA expression ( Figure 3A ). Data raised another question of whether this signal similarly affects fibroblasts in distant organs. To address this hypothesis, we carried out replacement of fetal lung fibroblasts with CAF. Opposite to our prediction, coculture of CTOS failed to induce VEGFA in the lung fibroblasts ( Figure 3B ).
Tuveson and colleagues reported that pancreatic ductal adenocarcinoma cells induced CAF phenotype from pancreatic stellate cells.
17
The discrepancy could be due to the difference in choice of materials (ie, fetal lung fibroblasts vs pancreatic stellate cells) or to the difference in incubation time (3 vs 10 days). From our data, we presume that patients' CAF had acquired a type of "competence for VEGFA induction", which the lung fibroblasts do not have. CAF are known to resemble physiologically normal fibroblasts during tissue damage (termed as activated or primed) in terms of cytokine secretion and ECM remodeling. 7 However, the secretory phenotype of CAF is augmented and irreversibly switched, compared to primed fibroblasts. Finally, collection of similar data is continuing and patient outcomes are being followed up. We noted that the perturbation was nearly consistent in coculture with CTOS, but not in cisplatin or fluorouracil exposure (ie, responder or non-responder existed for each gene: Figure 3 ). We carried out four-way MANOVA to detect interfactor interaction between experimental stimulus and three other factors (tissue of origin, histology, TMN stage, Table 1 ). However, we failed to detect interaction (data not shown), indicating that the "responder or non-responder" variations cannot be explained by known pathological factors. It is proposed that the drivers of cancer evolution are not genomic mutations, but intermittent changes of tissue microenvironments. 22 Apart from the malignancy of cancer cells per se, individual difference in tumor microenvironments could significantly influence disease prognosis. 1,2 Overall, prediction of behaviors of complex systems is difficult when more than three dynamic players interact with each other. 23, 24 This could be the reason why most patients who receive genomic testing do not benefit from a genomic precision medicine strategy. 9 As alternatives, genome biologists are proposing "perturbation-based monitoring of cellular responses" for tackling the complexity inside cancer cells. 9, 10 In the present study, we established perturbation-based monitoring of patients' CAF as a surrogate indicator for response of distant stromal cells against environmental stimuli. Combined with a follow-up study, we will identify critical marker genes to determine patient outcome.
| CON CLUS IONS
We established perturbation-based monitoring of patients' CAF. 
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